Hypoglycaemia has been identified as a life-threatening metabolic complication in almost 20% of severely ill dogs suffering from babesiosis due to Babesia canis rossi infection, and has been correlated with mortality. Hyperinsulinaemia as a result of inappropriate insulin secretion may precipitate hypoglycaemia, and has been suggested as a possible cause of hypoglycaemia in human and murine malaria. This prospective, cross-sectional, observational study, including 94 dogs with naturally occurring virulent babesiosis, sought to identify the presence of inappropriate insulin secretion in hypoglycaemic canine babesiosis. Pre-treatment jugular blood samples were collected for simultaneous determination of plasma glucose and insulin concentrations. Animals were retrospectively divided into three groups: hypoglycaemic (BG < 3.3 mmol/L; n = 16), normoglycaemic (BG 3.3-5.5 mmol/L; n = 62), and hyperglycaemic (BG > 5.5 mmol/L; n = 16). The median insulin concentrations for the hypoglycaemic, normoglycaemic, and hyperglycaemic groups were 10.7 pmol/L, 10.7 pmol/L, and 21.7 pmol/L, respectively. Statistical analysis revealed no significant difference in insulin concentration between the three groups. Additionally, the median insulin concentration in the hypoglycaemic and normoglycaemic groups was below the detection limit of the assay, suggesting that insulin secretion was appropriately low (i.e. undetectable) in these cases. Only two dogs had inappropriately elevated insulin concentrations. One of these dogs was hypoglycaemic. We conclude that hyperinsulinaemia is an infrequent cause of hypoglycaemia in virulent canine babesiosis. Other causes of hypoglycaemia, such as increased glucose consumption, depletion of hepatic glycogen stores, and hepatic dysfunction with impaired gluconeogenesis, are speculated to play more important roles in the pathophysiology of hypoglycaemia in canine babesiosis.
Introduction
Canine babesiosis is a severe, often life-threatening parasitic disease affecting dogs. Babesia canis rossi, the aetiologic agent of virulent babesiosis in South Africa produces acute disease in susceptible individuals (Jacobson, 2006) . The disease is characterized by acute haemolysis and systemic inflammation, and severe complications may arise, including immune-mediated haemolytic anaemia, acute renal failure (Lobetti and Jacobson, 2001 ), pulmonary oedema (Jacobson, 2006) , and pancreatitis (Mohr et al., 2000) . Hypoglycaemia was recently identified as a life-threatening metabolic complication in almost 20% of severely ill dogs suffering from babesiosis due to B. canis rossi infection in South Africa . Hypoglycaemia and hyperlactataemia are correlated with a poor outcome in various human critical illnesses (Bakker et al., 1996) (Newton and Krishna, 1998) , and was found in 5 out of 10 pregnant woman with cerebral malaria in a watershed study conducted in Thailand in 1983 (White et al., 1983) . The similarities between canine babesiosis and human malaria are striking (Maegraith et al., 1957; Welzl et al., 2001 ). These diseases share numerous clinical and pathophysiological characteristics, as do human babesiosis and malaria (Reyers et al., 1998; Clark and Jacobson, 1998) . Haemolysis, severe systemic inflammation and associated pro-inflammatory cytokine production are thought to contribute to disease pathogenesis in both babesiosis and malaria (Reyers et al., 1998) . Inappropriately high plasma insulin concentrations were found in association with the hypoglycaemic episodes seen in many human patients with falciparum malaria (notably in children and pregnant women), a phenomenon attributed to quinine-induced insulin secretion (White et al., 1983; Krishna and White, 1996; Agbenyega et al., 2000) . Hyperinsulinaemia has, however, been identified in cases of malaria prior to quinine administration (Looareesuwan et al., 1985; Taylor et al., 1988; Shalev et al., 1992) . In addition, hyperinsulinaemia, in conjunction with hypoglycaemia, is a frequent occurrence in experimental murine models of malaria (Elased and Playfair, 1994) , where insulin concentrations as high as 30,960 pmol/L were obtained. The authors of the above study concluded that a subgroup of human malaria patients may exist where hyperinsulinaemia is the cause of hypoglycaemia. A similar phenomenon of inappropriate insulin secretion, resulting in concurrent hyperinsulinaemia and hypoglycaemia, may exist in canine babesiosis. Little is known regarding specific endocrine changes in dogs with babesiosis. Schoeman et al. (2007) showed that high basal serum cortisol and ACTH concentrations at presentation were associated with increased mortality in dogs suffering from B. canis rossi infection. Plasma insulin concentration, and its relationship with abnormal blood glucose concentrations, has not been studied in canine babesiosis. The purpose of this study was to quantify the plasma insulin concentrations of dogs suffering from babesiosis in an attempt to identify a putative association between hyperinsulinaemia and hypoglycaemia.
Materials and methods
This prospective, cross-sectional study included 98 dogs presented to the Outpatients Clinic of the Onderstepoort Veterinary Academic Hospital (OVAH) with naturally occurring virulent babesiosis. Typical clinical signs (Jacobson, 2006) and microscopic identification of large Babesia spp. parasites on thin peripheral blood smears stained with Kyro-QuickTM stain (Kyron Laboratories, Benmore, South Africa) were considered diagnostic. Study design-the individual ages and bodyweights of dogs were recorded at presentation, and the owners completed a questionnaire documenting the duration of illness and time since last meal. Clinical parameters including habitus, temperature, pulse, respiratory rate, presence of icterus, and neurological status (i.e. collapse, coma, seizures) were noted. Informed owner consent was obtained and pre-treatment blood samples were collected into pre-cooled ethylenediamine tetraacetic acid (EDTA) and sodium fluoride-anticoagulated plastic tubes (Vacutainer™, BD Vacutainer Systems, Plymouth, UK) at the time of presentation, and kept on ice until processing. Samples were centrifuged at 4 8C for 10 min within 1 h of collection. Plasma was separated and initially stored at _18 ºC. Fluorideanticoagulated samples were submitted for glucose determination (storage time 0-3 days) using the hexokinase method (Sonnenwirth and Jarett, 1980; Kaplan and Pesce, 1984) . EDTA-anticoagulated plasma samples were transferred to a _80 ºC freezer and batched for subsequent insulin determination. Plasma insulin concentration was determined using a commercially available solid-phase radioimmunoassay kit ( Statistical analysis-parameters were tested for normal distribution using the one-sample Kolmogorov-Smirnov test. Differences in the median values of the variables in the three glucose groups were analyzed for nonparametric data with the Kruskal-Wallis test and subsequently using the Mann-Whitney U-test for pairwise comparisons. Normally distributed data were analyzed using one-way ANOVA, with the Bonferroni correction for multiple comparisons. For all comparisons, differences were considered significant when p < 0.05. Values for nonparametric data in the text are given as median and interquartile range (IQR) and for parametric data as mean and range. Statistical analysis was performed using a commercial software package (SPSS 14.0, 2005, SPSS Inc., Chicago, IL).
Results
Ninety-eight dogs presenting successively to the OVAH were sampled. All dogs included in the study had large babesia parasites present on their blood smear. A probe for the small babesia, Babesia gibsoni, was not included in the RLB, and thus co-infection with this parasite could not be ruled out. PCR produced three positive results for B. canis vogeli, resulting in the exclusion of these cases from the study. The results of one dog were also censored due to prior intravenous dextrose administration. Thus the data from 94 dogs were included in the statistical analysis. Median age for all dogs was 16 months (IQR 9-39 months). Body temperature was the only normally distributed variable and the mean body temperature was 39.1 °C (range 32.7-41.1 °C). The median pulse rate was 130 beats per minute (IQR 112-150). The median respiratory rate was 46 breaths per minute (IQR 33-60). The median number of days ill prior to presentation was 2 days (IQR 2-4 days), and the median time since last meal was 24 h (IQR 12-48 h, data available for 87 dogs). Seventeen dogs (18%) were icteric, and 14 dogs (15%) demonstrated neurological signs, including collapse (11/14) and coma (3/14) . Animals were retrospectively assigned to one of the three groups according to their blood glucose concentration at presentation: hypoglycaemic (Fig. 1) . The median insulin concentrations for the hypoglycaemic and normoglycaemic groups were below the detection limit of the assay. Although there was a trend for insulin concentration to increase as blood glucose concentration increased, no significant difference in insulin concentration was found between the three groups (x²k-w = 1.972, p = 0.373). However, two dogs were found to have insulin concentrations above the reference range. One dog was mildly hyperinsulinaemic (case number 56; insulin concentration 198 pmol/L); the other was severely hyperinsulinaemic (case number 34; insulin concentration 1563 pmol/L). Of the 16 hypoglycaemic dogs, 6 had detectable plasma insulin concentrations (Table 1) . Excluding case number 34, the range of insulin concentrations in the remaining five hypoglycaemic dogs was 18.45-32.6 pmol/L. Median duration of illness, time since last meal, pulse and respiration rate did not differ between the groups. Hypoglycaemic dogs (median 13.5 months) were significantly younger than normoglycaemic dogs (median 24 months) ( p = 0.04). Hyperglycaemic dogs (median 9 months) were also significantly younger than normoglycaemic dogs ( p < 0.001). Both hypoglycaemic dogs (median 5.6 kg) and hyperglycaemic dogs (median 9 kg) had significantly lower bodyweight than normoglycaemic dogs (median 20 kg) ( p < 0.01 for both). Hypoglycaemic dogs (mean 37.7 °C; range 33-40.2) had significantly lower body temperature than normoglycaemic dogs (mean 39.6 °C; range 33-41.1) ( p < 0.001), but did not differ significantly from hyperglycaemic dogs (mean 38.8 °C; range 32.7-40.4) ( p = 0.077)
Discussion
In the dogs sampled the median insulin concentration in the hypoglycaemic and normoglycaemic groups was below the detection limit of the radioimmunoassay, whereas the median insulin concentration in the hyperglycaemic group was within the upper part of the reference range. An apparent trend for insulin concentration to increase as blood glucose concentration increased was identified. These results suggest that insulin secretion was inhibited in the hypoglycaemic and normoglycaemic dogs, and that an appropriate physiological relationship exists between glucose and insulin in this group of dogs with babesiosis. Six of the hypoglycaemic dogs did, however, have detectable plasma insulin concentrations. Hyperinsulinaemia was identified in two cases, and was present in only one dog (1%) in conjunction with hypoglycaemia. The first of the hyperinsulinaemic dogs, a 6-yearold intact male Fox Terrier (insulin concentration = 198 pmol/L; glucose concentration = 4.8 mmol/L), had a plasma insulin concentration marginally above the reference range. The dog was suffering from complicated babesiosis, was comatose and severely icteric, and died shortly after presentation. Considering that the dog was comatose at presentation it is unlikely to have eaten in the hours immediately before blood sampling, and postprandial insulin release is therefore unlikely. Peripheral insulin resistance commonly coexists with hyperinsulinaemia in cases of human malaria (Davis et al., 1990; van Thien et al., 2006) , and may account for the normal blood glucose concentration associated with hyperinsulinaemia in this dog. Pancreatic b cell neoplasia could not be ruled out in this case. In the second dog with hyperinsulinaemia, a 2-year-old male Boxer (insulin concentration = 1653 pmol/L; glucose concentration = 2.9 mmol/L), the insulin concentration was dramatically higher than normal physiological values, and is higher even than values commonly encountered in dogs with b-cell neoplasia (Dunn et al., 1992) . This dog was also moderately hypoglycaemic, and was collapsed despite a haematocrit of 27%. This patient recovered and was discharged, and represents the only case identified in this study with concurrent hypoglycaemia and hyperinsulinaemia. The age of this dog, in addition to the absence of clinical signs of episodic weakness or collapse over an 18-month follow-up period, suggest that pancreatic b-cell neoplasia as a source of the insulin is unlikely. It is not known whether high parasitaemia might be linked to hyperinsulinaemia. Hypoglycaemia and collapse have been linked to high parasitaemia in babesiosis (Jacobson and Lobetti, 2005; Böhm et al., 2006) and malaria (White et al., 1983) . A small sub-population of dogs suffering from babesiosis may therefore exist in which inappropriate insulin secretion occurs, increasing the risk for hypoglycaemia. It has been suggested that a plasma insulin concentration greater than 72 pmol/L, with a concurrent glucose concentration less than 2.8 mmol/L, constitutes an inappropriate excess of insulin (Feldman and Nelson, 2004) . Although six of the hypoglycaemic dogs had detectable insulin in their plasma, their values were at the lower end of the normal range. Only one hypoglycaemic dog had insulin concentrations greater than 72 pmol/L (the severely hyperinsulinaemic case discussed in the previous paragraph). The results of this study confirm that, for the most part, insulin concentrations in dogs with babesiosis are low, which is similar in people with severe malaria (Looareesuwan et al., 1985; White, 2003; van Thien et al., 2006) . Low insulin concentrations can therefore be considered a normal finding in the ill, anorexic dogs studied here. Fasting plays a major role in the suppression of insulin secretion. In healthy dogs, fasting results in mild hypoglycaemia with moderate decreases in insulin concentration (de Bruijne et al., 1981) . Dogs suffering from babesiosis are usually anorexic as a result of their illness, and can be expected to have appropriately low plasma insulin concentrations. When blood glucose concentrations fall further (below 2.8 mmol/L), insulin secretion is completely inhibited (de Bruijne et al., 1981; Leifer and Peterson, 1984; Walters and Drobatz, 1992; Feldman and Nelson, 2004) . Insulin should therefore be practically undetectable in the plasma of hypoglycaemic patients, due to a lack of direct b-cell stimulation, and an increase in a adrenergic inhibition of pancreatic insulin secretion (Feldman and Nelson, 2004) . Hypoglycaemia was present in 16 of 94 (17%) dogs included in this study. A proportion of these dogs showed signs consistent with neuroglycopoenia, including collapse and coma. Five of the 16 dogs with hypoglycaemia were icteric, a finding similar to those of a previous study , where icterus was established as a significant risk factor for the development of hypoglycaemia. Hypoglycaemic dogs were significantly younger, with lower body weight (probably a function of younger age) than normoglycaemic dogs. In a previous study, dogs less than 6 months of age were 2.8 times more likely to develop hypoglycaemia . The majority (95.7%) of hypoglycaemic dogs in that study were hospitalised due to the presence of severe disease. In humans, children commonly present with hypoglycaemia in conjunction with a variety of severe diseases (Kawo et al., 1990; Solomon et al., 1994; Osier et al., 2003) , despite having fully developed gluconeogenic capacity at birth (Bier et al., 1977) , suggesting that glycogen stores may be limited. This may apply to young dogs, where lower levels of stored glycogen may reduce the host's ability to withstand the physiologic stresses of severe disease, and such animals cannot adequately compensate during periods of increased demand for carbohydrate fuels. In human patients with trauma and sepsis, a significant increase in glucose consumption is mediated by release of inflammatory cytokines such as tumour necrosis factor from the macrophage-rich spleen, liver and lungs (Mizock, 1995) . In human malaria, a disease pathophysiologically similar to canine babesiosis, increased anaerobic glycolysis due to microvascular obstruction by sequestrated parasitized red blood cells, parasite demands for glucose, decreased hepatic blood flow, compromised hepatic function, and failure of gluconeogenesis may contribute to the pathogenesis of hypoglycaemia (White, 2003; Jacobson and Lobetti, 2005) . Similar mechanisms are likely to contribute to the development of hypoglycaemia in dogs with severe canine babesiosis. Due to the relatively small size of the hypoglycaemic group (n = 16), the incidence of insulin-induced hypoglycaemia in canine babesiosis may have been underestimated by this study. Further sampling of greater numbers of hypoglycaemic dogs may identify more dogs with hyperinsulinaemia. This study was cross-sectional, and did not follow temporal patterns in blood glucose and insulin concentrations. A more detailed understanding of fluctuations in the glucose: insulin relationship during the natural history of this disease might be gained if these parameters were to be measured in dogs not only at presentation, but also at various points following admission.
Conclusion
We conclude that hyperinsulinaemia is an infrequent cause of hypoglycaemia in dogs with babesiosis attributable to infection with B. canis rossi. A small sub-population of dogs may exist in which significant hyperinsulinaemia could result in clinical hypoglycaemia. Future studies involving larger numbers of hypoglycaemic dogs may assist in quantifying this phenomenon. Values recorded as 10.7 refer to insulin concentrations below the detection limit of the assay.
